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INTRODUCTION

Los Alamos Yaticnal Laboratory and Insituto Mexicano de] Petroleo have embark-l on a
joint sludy of options for improving air quality in Mexico City. One of the first steps in t.hc
process is to clcvclop an understanding Of the existing air quality situation. The intent is
to clmdop a modeling systcm ~’hich can address the behavior of pollutants in the region so
that opi. ions for improving Mexico City air quality can be properly cvalllated. The focus of
the early (*lTorts is to learn what Wfecan from the data which h- been collected in the past.
‘1’hc project is currently conducting a field program which will yield a variety of data which

can be used to further evaluate and improve the models.

IIlit ia]ly, we are conccnt.rating on meteorological variables and the behavior of carbon monos-

ide and sulfllr dioxide. While ambient standards are sometimes violated for carbo[l Inonoxide
and sulful (Iioxide; violations are not as frequent for these pollutants as they arc for oth -
vrs SNCIIas IJllotochcmical oxidants. IIowcver, the intent is to use CO and S02 to help us

~ln(l(!rs(all{l the factors which govern dispersion before we add the additional conlpkxity of
clwnlistry.

111 ad{liticm. critical clcmcnts of the emission inventory nccdcd for the photochclllistry arc
not yet a~’ailithlc. W’c have hcgun by examining the relationship between C() and I]lixing
(lvl~tII iii)(l by Ilmlifying a tllr(’(’-tlilnt’l]~iollal, prognostic, higher cmic.r turbulence Inmkl for
at llml)llmic circ-u]at ion ( I{OT,MAC) to treat domains which include an urhanizm] arra. ‘rh(l
sopl)ist i(.i~[(’[1[llt’t(x~rologi(:al”Imxkl is rcquirrd because of the complexity of I.lK*tf’rriiiil ilt](l

tIh”rt’l:~tit”(’I)al]cily f)f Ilwtm)rulogiral data.

\lt*.si(’() ( ‘ity Ii(’s at all Aovation of approximiitcly 7500 f(’ct above sca It*v(’lill a “ I l“ sllal):’~l

l)il~ill Ivtlirll (Jl)(’lls 10 111(’m)rth. Mountains on tilv Past. and south(’ast sides .>f the l)ilSill Nvl(’11

(“1(’I’ilfioll S ill f’X(”(’SS Of 17,000 f(’(!tmThe city orcup,e3 A nlajor part of the smlthwmt luwtion of

111(’t)ilSiI1. I .I)l)(’r kwd winds arr providrd hy rawin.wmdcs at ttw airport, Iow-lmv] winds aw

ftwdsllrwl at srvrrid sitrs within thr city. Nfany of thv sitw haw’ ol)strurtml Ill)will(l fvtCI:I*S
for a Vilrif’lJ’ of (Iirrrti{]lls,

I)llrillg f II(Iwilll(’rt illw wlml ttw worst air quality is ttwasurml, thr willtls il:t’ ir(vlll(’llt l)’ Iighl.

;illfl 0111 ()( I II(I I]orl]]cnst. ‘]’]lis llit’i~l]sthr win~!cliir(’ light withitl thr tit-y, I)llt Sigili:i(qiltll.S]()])(9

v:ill(ls Ilf’vf’11)11wllirll itlllllf’llm’ 1.1)”Iwhavi(}r (;i tlw pollutallt,s. ‘1’lw rmlllt of tlIi:i tt)ll]l)ill;ll.i~)ll
of (.il”flllllsl;ill(.f’s is ii rvlat. ivvly sllf)rt.r(%i(l(’llct’ tillw for Illfjrnillg rllsh-h{mr (Illlis%if]lis, IJIII.II
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long rcsillcncc- t inw for afternoon and evening emissions.

TIIC basic Inodel ( I{OTMAC) was modifid to include an urban canopy and urban Ilvnt
sources, IIOT\l.4C is used to drive a Monte Carlo kernel dispersion code (RAPTAI)). .Als\l.
a four year history of temperature structure obtained from the rawinsonde at the airport has
been related to mixing parameters and less reactive pollutant measurements (such as carbon

Imnoxidc),

THE METEOROLOGICAL MODELING SYSTEM

Model Formulation

IIOT\lAC is a three-dimensional time-dependent model developed by T. Yamada’. It uses
the hydrostatic approximation and a terrain following coordinate systcm in which the vertical
coordinate :“. is given by:

●.” = n;–: (1)
#

wh~’rc s~ is tlw Ilf:ight of the ground and 11 is thr height of the top of Inodcl {Ionmin. II is
r(lIIiIl to II I]linus the height of the highest terrain in the domain.

1lo’I’\l: \{” solvm consmwd.ion relations for tt:r horizontal wind rolnponcnt.s, pet t~lllial t4’111.

Iwrntllrr, Inoisturo, turbulent kinetic rm!rgy, and the turbulrncr Icngth srak. 1{()’1’\l ;\(’
(Imcribcs mlvcrtion, roriotis (Iffects, turbuknt transfer of heat, Inorlwn!lllll, and rlmisl Ilr(*. II

also (Iwwritws Soliir alirl tcrrcstria] radiatiml cff(’rts, turbuhmt hislory dfrrts, illl(l (Ir;lg nl](i
r;~~liiitifm M(’cts 0( f(m~st canopiw.

l{(lll;ili{)ll 2 l’{’1}1(’sVllt%Ihl’ f“ol]s(’rvati~ll (’(lll,ltiorl f?r th~ ~~%t.~(%t (IJllll)~)ll~,’Iltof lll(Jll If ’Iltllfll.

‘1’l)fs Iotill l’iltf’ of ft];lllgr of ttlt’ II (“ollll)oll(”llt”of Lht’wind is (’(ill{)]10 tllr Slllll of a :x)ri~dis t(srll]t
;I lIII(J~’dIII\’ 1(’rIII, two II[)rizolllal wl[ly
1(’1’111,

lr;lllsl](~rl, It’rlns all Il a V(’rlical tIIOIIIf~IIIIIIIl lr;~ll~ltorl

/1 - :,* , ((-),,) i):g

“;)‘ !) )/ () . . .
(-),, i;fir

(:;
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l; is the north-south componentof thegeostrophic wind. (0.) is the horizontal averagcof
the virtua] potcnlial temperature. Equation 3 is a similar expression for the north-south

components of momentum.

(:3)

Equation 4 is derived from the hydrostatic approximation and it descr
!ocit.y 11”-, in the c- coordinatc system.

bes the vcr[ica] vc-

(4)

Equation 5 is the energy conservation cquati ~n which describes the total rate of cl]ang[~ of
lhr potential tcmpcraturem

‘l’l):* !ast tivo t~irms arc the contributions from divergence of the sensible twill IIIIY :11)(1
flilx*rgmlcc of the radiation field. R,Y is the long wave radiation !IIIX.

I{{llliltiun 6 (1(~.wril)~’sthp cunscrvaticm of moisture mixing ratio.

((i)

a(-);l.~ ..: () 1 ff,:~f -;-–
():

4
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The turbulent fluxes involve two other factors: 1, and q in addition to the gradicnt,s and

the factor ~.~l w}lich is a function of the flux Richardson number. Simpler models would

use some form of the latter two factors, but not q, the turbulence speed or 1 which is the
turbulence length scale. q and 1 are obtained by solving Equations 9 and 10.

(lo)

\\:it Iiill ! II(I soil. Il]llnti(m 11 applies:

(11)

Ii, + 1(1, J -l!l, Tz 118+ 1,k.’ + G’,. (12)

I{,q is t}l(’ S(J]ilr !+llortWilV(” radinlifn] II I])(, wl]ilr ///, J is tljr dow[~w;ird l(~rlg WilV(’ ill.lll(u+l )ll(’ri(”

IIIIX ;III(I /{1, T is tlI(I hlacklwdy ril(liiitioll fronl t.llc Sllrfii(.(-. ‘1’llr swlsitjlt’ 11(’at flllx //,. is
gif”(’111)!’:

If, :-: -p”f.pti”r (1:!)

5
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\vhL*r-cu= is the friction velocity and 0= is a temperature scale which is defined by:

In Equ~,t ion 1-t, V is a stability correct ion factor which is zero during neutral atmospheric
s[ahility. Similar expressions are used to define u= except that velocity at the ground is m-o.
L E’ is t]lc latent energy flux and G, is the soil heat flux. Equations 15 and 16 describe these
l“ariahles.

LE = P. Lu=Q-. (15)

i3T,
c, = ‘~s#. (16)

J

In an urban context the surface energy balance requires an additional term which rcprcscnts
the heat released by man’s activities. The additional heat along with differences in thermal
propcrtim bet wecn urban and non-urban surfaces produces the urban heat islaild.

Meteorological Model Application

Ilo’I’\l~\(” lcflllir(~s both tmrain and metrological inputs. The model begins with a tell]-
I) f’riltlll(’ fi~)lf{w]]ic]l is horizontally uniform. ]nitial potentia] temperatures are derived frolll

tl](’ I)otrlltial t~l[llpcrat.ure at sea level and the potential temperature gradients below thv
hcigl)t of ttw I}t}il]t wl]ich is being initialized. The vertical potential temperature is idcaliz~~(l
as cl~rl][msvd of up to thrm line segments which are continuous but have different slopes,

‘1’l]rlv’ (!aj’s in wtlirh air qlla]ity WASpoor. good, tmcl normal were chosen for drtailr(l rllod-
(.lill~. :\ II uf I Iw diI)-S wrc in wintt=r of 87-88. ?Jetcorological inputs were based (JII tlw

i~f[(~l:l](){)tl riiw”irls{)rld(t of thr prccmling days which was used to estimate synoptic scale wint]
iIIIIl lf’IIII Jt’ri3tl IrfI I]rollh’s, ‘1’hc bad day (2-4-1988) fratured light win(is out of I I)(I llurtll-
ilt~rl Il(*;lst ‘1’11{1Ill]rlrlal (lily IIad [ll[Jd(mr~t~ winds from the rmrth-northwmt. ‘1’hr goml (Iiiy

ha(l Iligll wirl{{s ( !1 rrlf’lf’rs pcr smwnd) out of the southwrst. \VP Imd a rwstcd grid syslvlll to
II)(NI(II III(I Vi)ll(’~ of \lfWil.o al](i it~ sllrrollllding trrrain. “1’hcoutrr grid has a 6 kr]] spiirirlg

illl(l ( ()~(’rs l,] If’ :Ilnjor It’rrairt, in flllcnrm as shown in Figure 1. The inrwr grid As showrl in
I“”igllrf 2 (’IIIl)r,Ites t,tlr (itv and th(. illlllmliatrl~ adjacmt slopm. [t has a grid sizr of 2 Kill.

(i
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The urban canopy was approximated by using the estimated distribution of CO emissions
clefined on a 1 km grid. The relative CO emissions were used to proportion the fraction of
the area of a grid cell which was covered by canopy (roof tops), the ~vcrage soil conductivity,
average soil heat capacity, and the urban heat release intensity. For example, in the cells
with the highest CO emissions the fraction area of the canopy within the cell would be set to

0.75, while soil conductivity and heat capacity would be chosen to represent pavement. For
areas wit h low emissions the canopy fractions would be set to .20 and the so; I parameters
would be more nearly those of soil. The heat release was estimated based on ~he energy

released by automobiles when emitting the specified levels of CO. The urban heat release
reached 3,5 watts per square meter in some areas. ,Many of the parameters used to represent

the urban canopy are first estimates which w-ill be refined as more information on land use
and urban skin temperatures becomes available during the course of the study.

THE PARTICLE TRANSPORT CODE RAPTAD

Model Formulation

RAPT.411 is a Nlonte Carlo randoul particle statistical diffumn code, deveioped by Ted
}“amada5. Pseudo-particles are trarlsported with instantaneous 4ocities that include the
n~ean wind field and the turbulence l’elocities. The turbulence velc :t!’ is generated randomly
consistent with the standard deviiition of the wirld at the particle location. The location
of each pseudo-particle represents the center of mass of a cmcelltration distribution for
rach plifl. The total concrntratiol] at any point is obtained by adding the concentration
contrihllticms of each pllff at that Iloint (a kernel method).

othvr particle transport codes produce concentrations by counting particles within a sam-
I)li]lg i’(jllllll~. The ~xjlllputecl concentration level could vary considerably depmding upon
i hr sim of t hc sampling volume arid number of particles used in the computation. For exam-
ple, if t II(’sampling volun-w is ver) small, the concentration distribution bccomcs cxcmsivcly
~’arialllr ill spacr. on tht= othm hi md. if the sampling volume is too large, the cor]c(’rltration
(list rit)lit ion will Iw ovw smooth( d, Thr kmrncl nwthod avoids this difficulty and j)rovidwi
Sl1100tII (“(>llU’lltra!k)ll ({iSt.r;tJl]tk)lls W’if h Wiativ?ly f~w l]arti~ks.

‘1’11:. first strp is to calclllatr th: positions and turbulcncr history of a group of lNwiItlo-

7
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particles that represent, the emissions from a re]ease. Locations of particles arccomputcd

from:

rJ(t+ At) = r,(t) + UpiAt (17)

where

c~p, = C.rl+ Ui (1s)

&.:)U,(f + At) = UUl(t) + bUu,~ + (513(1 – a)t~r,~= (1!))
1

()At
a =exp -—

tL=,

and

5 = (1 – a2)’/2 (21)

[n the almvc expressions [~~, is the particle velocity in the z, direction, Ui is the mean velocity,
u, is the turbulence velocity, ( is a random number from a Gaussian distribution with zero
mean and unit variance, t~r, is the Lagrangian integral time scale for the velocity u,, au,
is thr variance of the velocity fluctuation ui, and ~i3 is the Dirac delta. The last term 011

the right hand side of Equation 19 was introduced by Legg and Raupach6 to pre ;ent trw
arclllnlllatiorl of particles in low-energy areas. The mean velocity (~i and vertical velocity
i“ariancc u, iire obtained from the output of HOThfAC.

The \Iontc Carlo kernel method requires that a functional form for the distribution kernel

Iw clwwn and t hat piiramctcrs that describe the width, breadth, and depth of thr distribl]-
tion hr calculated. \“arious functional forms can be assumed to express the concrnt ral ior]

(list ril)l]lic~n in the puff. One of the simplest ways is to assume a Gaussian distribution Irllerc
\“ilriallc(v+ arc {1(’tcrr]lined as the time integration oi the velocity variant= encountmcd over

I II(J t]istory of the puff, The concentration Icvel at a given time and space is dcterrninwl as
thr SIIITI of thr cmmntrations each puff contributes. The concentration ~ at (.(, }’.Z) is
(~st;Iniitf’fl by Ilsing tlw folh~wing exprrssiori:

. . QAt ~ 1

(

1(.Yk–4Y)2
-—’—---exp – - —–,(,!. } .2)= ~2m)3/2k~a=,a,Aa,, 2

)

(w)
Urhz

(

l(yk - Y)’
●cxp –-

2 2
Uvb )

{(

l(z~ - z)~
● (’sp —–

)[

“ I(:k +z–2:J2\

2 0,:
+ c’xp - ; —

4. ~,,2
)}

8
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where (rk, yk, zk) is the location of the k~h particle; ark, ~vk, and U,& are standard deviations
of a Gaussian distribution; and z~ is the ground elevation. The variances are estimated based

on Taylor’s homogeneous diffusion theory7. Forexample au is obtained from

(2:3)

where a correlation function R(<) = exp (2) is used. Equation 23 is approximated by

and

.+lthough the turbulence field is not normally homogeneous. we assume the theory can be
applicable o~’cr a short tlmc period, such as an integration time step. Therefore.

itrl(l

i~re IISCVI, Silui]ar relations are used for the x and z directions. The standard deviations Ou, Gv.

~IId o,, aI vach particle ]OCdtiOn are obtained by interpolating grid va]ucs of a compu(at ion
griil v:~lllllw ill wllic}l a particle is located.

Model Application

( ‘OIIC[’111rat ion l)r~(]irtions were carried Oilt for each of the three days for both (’() n[ld Sos,

Enlissif)lls on a 1 km x km grid wmr available. These CC]]Swere orgatkizcd into a cllllm]ativc
(Iistril)lltio[] (I[ tllc total vr])issions. l{Af)’[’AD was modifid so that it. chose a r;llldolll Illllllbt’r

9
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bctww-m O anti 1 each t!me a pseudc.’-particle was to be released. The ralldorn number was
used to definr a point on the cumulative emission distribution and to self t the emission

cell ivhich included t!lat point on the distribution. The pseudo-particle was then released

from the center of the cell. Each cell was given the same initial sigmas which were chosen
to approximate the early plume growth resulting from sub-grid scale features. In the case
of SOX crniss ons from point sources an initial plume height above the surface was chosen
bw’d 011 the emission rate for the cell. Ideally, this approximate approach will bc replaced
by clctailcd i’ffective plume height calculations, how-wer, the relevant details are not jet
zl~ai]ab]e. Beth the CO and SOX emission characterizations will be improved by hctter data

on tinlc profiles and the spatial parameters.

EMPIRICAL STUDIES
CC)RELATIONSHIPS

ON MIXING HEIu.iT AND

llising height and stability parameters were studied for hfexico City using tcrnpcrature pro-

frlc’s from rawinsonde launched from the Mexico City airport from 1985- 19SS. Rawinsondcs
Ivcrc lallllcllcd at 12 and O G\l T (0600 and 1800 LST), and these 1].~vebeen Iabelc(l as

[)mrlling and evening. respectively. The mixing depth is calculated from the potential tem-
perature profile by determining the base of an elevated inversion using standard tccl-niqum~.
lIowcvcr, often morning soundings, particularly in winter show a ground hscd inversion.
Thtwvtic ally this situation should lead to no vertiul mixing. IIowever, studim in the Sal]
Francisco Bay arcag 10 show that pollutants do mix toand in a basin near a power plant
L]](: top and bottom of a ground based inversion. Ilow this occurs is not well unckrstood.

however, terrain effects. basin waves induced by shear and initial plume buoyancy rffects
n]ay ail play a role. ‘rhercfore, we have also taken a depth of a ground based invrrsion as
t,hc lTlixirlg h~~ight. when this occurs.

“1’lwIlltilllafr test of the importance of I]lixing bright to air pollution rpism!cs is a (Iircct
(“olll])al’l Wll of [lll!iill~ tl(’i~ht hiStL)r~ W’ith [)()]]utk)n rrl(’as{]r(’f]]~rlts. Thr kst choif”(’ [or ttlis

uo[lljhlrisoll” is i’isit)ility bc(ausf’ it represents an int(’gratml propmty whic]l is molf’ Iilwly to
he afrerfcfl I)y Inrgc scalr .x-cllvwlation duc to low mixing brights. IIowmwr, W(I hawm”t
~’ct ol)taillc(l l’!sil)ility (I;lta frolll \l(’xiro (“’ilym ‘1’hc rmxt hmt choiw
whir]l lIas Iii I I(I r]lrrl]iral and photochcmical reactivity. Figurr 3 shows

tx)rlc~ll]lr;if ions ;III({ II]ixirlg hf’ights for ,Ianllary and IJ1’l)ruary of I!WM.

10

is cart)tm Ill:)llosi(lf”

a Colllpilrisoll” of [ ‘()

I“or thl’sr I)llrl}os(’:i
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a calculated mixing height of over ‘2 km was rcplacd by a value of 2 km because the con-
m]trations are determined by other fact~rs when mixing heights exceed 2 km. The CO
data rcprcscnt 1 hour averages of CO concentrations beginning at 0600 LST from the mon-
itoring station closest to the airport. The mixing heights are determined from the morning
rawinsoncle profile.

Figure I reports similar data for a station on the northwest side of the city; the airport is
on th~’ ~~iistc-cntral side or the city. The two Figures show a general association of high CO

tx)l]crnt rations with low mixing heights.

COMPARISON OF MODEL RESULTS AND OBSER-
VATIONS

‘Wind Predictions

II
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Overall thcabcsl-flt regression of the observed winds versus theprcdicted wind directions
gavcaslopc of,9.5with acorrclation coefficient of .S30nthe bad day. The standard errorof

t.hc slope was .047 and the mean predicted wind was 172 degrees while the mean observed
wind was from 204 degrees.

For data from all three days the relationship was much worse. In fact on 12/7 there was no
significant correlation. Overall the data set gave a slope of 1.008 with a standard error of
the SIOIM of .04 and a correlation coefficient of 0.71, The mean measured wind direction was
2~17dcgr(vs \vtlilc the mean predicted wind direction was 222 degrees.

The modeling shows promise particularly for the days with strong !ocal terrain forcing such
as the Imd day. Ilowcver, there is much room for improvement. It also appears that the heat
island may be ot.[’rmtimated. This would account for the poor performance on the good day

\vilcn the model prrdicted that the combination of the large scale winds and the heat island
was sllfficicnt to overcome the local slope winds. The result was that the observed winds
turned around in the afternoon while the modeled winds failed to do so. On the bad day
the modclvd Jvinds turned around slower than the observed winds in the morning and faster
in thv cvcwing.

A [lot h(’r aspw.t of the nmdcl application is the representation of the synoptic scale win(l. In
tiI(I iil)l)li(il[iol]s to date thtm synoptic scidc wind has hccn estimated from the rawinwmdc

(Jf !tlC I)rt’vii)lls aftvrlloon. It is likely that ttmrc wmc changm in the synoptic scale wind
(l~lritlg the HI(J(I(IIpvriod (about 30 hours) during tlw normal day. In addition, thr afti’rvo[~l]
sl)lll](ling W(Wr(’l)r(’s(’llt(vl ill a very simplifit’d fashion in this application,

12
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the bad day the correlation coefllcienl was 0.2 with a slope of .24 and a predictr.d mean of
.072 versus a measured mean of .030ppm. Overall the correlation cocfi:ient WEM.22 with a
slope of .34 and a predicted mean of .O.57ppm and a measured mean of .033pPm.

The CO comparisons showed no correlation for the good day with similar correlations for the
bad and normal days. \Vhen the three days were lumped together the correlation coefficient
was only 0,1,5 with a slope of .16. The mean predicted concentration was 5.0 ppIn while
the mmn measured concentration was 3.8 pprn. Figure 14 reports the a comparison of t.hc

hourly prcciictions and measurements on the bad day for station A wliich had the highest
single hour concentration. Figure 15 reports a similar comparison for station V which had
the tlighcst at’crage concentration on the bad day.

SOIIIC of the IIIodel’s performance deficiency= are probably the result of an inaccurate or
insufflricmtly drtailmi description of the sources in the region. The fact that th(~ SOX prw
dictions were much better on t hc windier day suggests that the fixed plume height for the
sources was too low. .4 better description of the stacks and the plume rise ~sociatcd with

t km is important. The CO performance could probably be improvvd by using a line SOIIIcc
(Icsrriptioll for t,hc major hig$ways.

“1’h(~1110(1(11calculations indicated that the morning rush hour t-missions escapmi th(~ urijan
(area in a frtv hours. ‘1’hcevrning (missions were initially transport~d up thr Slolrs, I)ul
tlwy wer(~ SO(XIbrought back into the domain M the downslop(! winds dmdoprd. in tlw
sinllllatiol)s r(~l)ortm-i here wc began the emissions at mi(inight! so that the mo(ir] was IIOI
aslw(l to (!m(.ril)r !Iw carry over emissions from the prcmiing wining, This (irficimcy in
t.hc’ a])pli~iit ion probably account,s for Il)uch of thr (iiscrcprmry brtwcen the early Ilwrlliilg

l~rwli(.ti(jlls illlfl111(’~s{lr(’rll(’llts.

SUMMARY

I :1
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The modeling system was used to make predictions for three days with .’arying air quality
Prcciict.ions wmc made and compared to experiments for winds and concentrations of c()
and SOX. In addition a study of the measured mixing heigh~s showed an association with
mixing depths for days with low mixing heights

The modeling systcm shows promise for addrmsing the air quality questions, but there
arc also deficiencies in its application. Additional studies now underway will provide an

opportunity to in.prove the model and the input data for this application.
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